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INTRODUCTION
The photoprotein aequorin is a stable luciferase intermediate formed from the reaction of the protein apoaequorin (luciferase) and the substrate coelenterazine (luciferin), which emits light upon Ca 2+ binding (1) (2) (3) (4) (5) . Aequorin contains three EF-hand Ca 2+ -binding sites (6) (7) (8) located close to its N-terminus (EF1) or its C-terminus (EF2,3 pair). Aequorin mutagenesis and crystal structure suggest that these three EF-hands indeed bind Ca 2+ but their individual contribution to luminescence is still a matter of debate (9) (10) (11) (12) (13) .
The steep increase of luminescence intensity with [Ca 2+ ] makes aequorin a useful reporter of intracellular calcium signals (14) . The formation of aequorin is a slow process (15) , whereas the luminescence reaction is very fast and proceeds to completion in the continuous presence of Ca 2+ . The aequorin response thus occurs as a flash which decays exponentially and whose onset rate does not depend on [Ca 2+ ] (16) . It has been early observed that the decay rate of this response increases with [Ca 2+ ], while the total light emitted (light integral)
remains relatively constant (16) . This suggests that the increase of luminescence intensity with [Ca 2+ ] is determined by variations of the decay rate, but not of the light integral. In other words, the shorter is the duration of the flash (i.e. the faster is the decay), the larger is the amplitude of the response (i.e. light intensity). However, the relationships between the intensity, the decay rate and the integral of bioluminescence and their links to EF-hand occupancy have not been clearly established.
In order to analyze the contribution of decay kinetics to aequorin responses, we recently isolated aequorin mutants exhibiting slow decay rates (SloDK mutants) through random mutagenesis and functional screening (17) . This procedure allows the selection of mutants that most efficiently affect a specific subfunction of a protein with minimal alteration of its overall structure-function relationships. A different screening process yielded other mutants (Bright) exhibiting high luminescence in bacteria due to increased Ca 2+ sensitivity or photoprotein stability (17) . In contrast with SloDK mutants in which both Ca 2+ sensitivity and decay rate are modified, Bright mutants show modifications of Ca 2+ sensitivity with little change of decay rate. Both SloDK and Bright mutants carried single aminoacid substitutions located in EF-hands or their adjacent a-helices. Here, the dependence of mutant and WT aequorin luminescence on [Ca 2+ ] was analyzed and combined with modeling to examine the contribution of the three EF-hands and the role of decay kinetics in aequorin responses. We found that EF-hands have different Ca 2+ affinities and all contribute to the variations of decay rate which determine the increase of luminescence intensity with [Ca 2+ ].
MATERIALS AND METHODS
Cell-free expression of WT and mutant apoproteins was performed as described (17) using the Rapid Translation System (RTS, Roche Diagnostics, Mannheim, Germany) from cDNAs subcloned in the pRSETc expression vector (Invitrogen, Carlsbad, CA). Reactions were diluted 1:1 in glycerol and this working stock was stored at -20°C.
Aequorin was reconstituted for 1 h at 4°C in the presence of 1,4-dithiothreitol, 10 mM;
Tris (pH8), 50 mM; EDTA, 10 µM and coelenterazine, 5 µM and then diluted 20 times into Tris (pH8), 50 mM ; EDTA, 10 µM to minimize coelenterazine luminescence background. figure 1B ). In contrast, luminescence half-decay times of Bright mutants were similar to or only slightly slower than WT.
Luminescence intensity
The [Ca 2+ ] dependence of luminescence intensity was first examined. Since in our experimental setup, recording started after the peak of bioluminescence (see methods), curves were plotted from initial maximum intensity measured upon Ca 2+ addition ( figure 2A ). The present data suggest that in WT aequorin, all EF-hands contribute to the decay rate increase by modulating the S F /S T ratio, which in turn determines the increase of peak intensity at constant light integral.
Contribution of Q 168 and L 170 to decay kinetics
The QHL [168] [169] [170] These data confirm that slow decay kinetics result from the disruption of a link between a given EF-hand domain and coelenterazine binding residues, but not from the reduction of its calcium affinity.
A model of aequorin Ca 2+ dependence
The present results suggest that the three EF-hands contribute to luminescence and that varying proportions of a slow and a fast light emitting state (S-Aeq and F-Aeq, respectively) determine the increase of the decay rate and thus of light intensity. This is summarized in figure 5A , which postulates that EF1 has lower Ca 2+ affinity than EF2 and 3. 
Functional domains of aequorin
The structures of photoproteins suggest that each of the three EF-hand domains forms a functional unit (11, 22 
Decay kinetics, light integral and initial maximum intensity
Our data show that in WT aequorin, both the light intensity and the decay rate are greater at Given the existence of only three EF-hands in aequorin (6, 7, 13) , this suggests that S T variations rely primarily on the binding of only one Ca 2+ , as postulated in the present model, while the three EF-hands are involved in variations of decay rate, and thus of peak intensity.
It is likely that light emission rate resulting from single EF-hand occupancy is higher in WT aequorin, where the rigidity of the photoprotein scaffold is unaffected, than in double EFhand mutants.
Aequorin luminescence as a biological signal
The fast kinetics of photoprotein luminescence provides a sensitive means of studying the early steps, which lead from calcium binding to activation of EF-hand based calcium sensors.
The structural homology among various photoproteins suggests that their [Ca 2+ ] dependence obeys the same rules, despite different maximum luminescence rates (24, 25) . Photoproteins contain a pseudo EF-hand motif, which does not bind Ca 2+ (6, 13) . Its position relative to the three EF-hands in the primary sequence, which defines a pattern similar to the two EF-hand pairs of calmodulin, has suggested that photoproteins have evolved from a calmodulin ancestor gene towards bioluminescence (26 It is noteworthy that the steadiness of the photon yield allows aequorin consumption to be proportional to the amplitude of a transient light signal. If alternatively, variations of the photon yield were responsible for variations of light intensity, this would imply non-radiative energy dissipation in case of sub-maximal luminescence response. The mechanisms of aequorin Ca 2+ dependence thus appear well adapted to the function of signal emitter in the jellyfish, which depends on its diet as an exclusive source of coelenterazine (27) .
FIGURE LEGENDS Figure 1
Bright Complete data is available by e-mail on request.
A model of aequorin calcium sensitivity
Following equations describe reaction schemes in figure 5B (main text) and derive from Hill and MWC formalisms (1, 2) . Experimental ratios of S S /S T were fitted to the following theoretical expression using the Origin 5.0 software (Microcal, Northampton, MA, USA).
[ ] 
Determination of theoretical initial maximum intensity
Theoretical initial amplitudes of the fast and slow components were calculated from S S /S T , S F /S T , t F and t S values derived from the best fit of the model with experimental data, according to equations: 
SUPPORTING RESULTS

Screening random Q 168 and L 170 aequorin mutants for decay kinetics
Construction of a library of random Q 168 and L 170 mutants and expression in E. coli has been described in a previous report (3) . Bioluminescence was analyzed in a luminometer by applying a Ca 2+ -triton solution onto intact bacteria (3). Analysis of 500 clones showed that the mean bioluminescence intensity was reduced to 5.2 % of WT, indicating that most Q 168 or L 170 substitutions disrupt aequorin function, consistently with a direct role of QHL [168] [169] [170] residues in bioluminescence. Subsequently, 3840 clones were screened for both resistance to a 30 min heat shock at 55°C and for decay kinetics of light emission. Characterization of thermostability of the mutants has been previously reported (3) . The light emitted during the first 2 seconds after injection (L 0-2 ) and during the 2 following seconds (L 2-4 ) was measured. Characterizations of the AHV mutant that presented slowest decay kinetics and of the RHI mutant whose kinetics were intermediate between AHV and RHL are described in main text.
SUPPORTING FIGURE LEGENDS
Supporting Figure 1 Multiple alignment of aequorin, obelin (4), clytin (5) and mitrocomin (6) primary sequences.
Gray boxes indicate EF hands. Blue boxes denote aminoacid residues forming the coelenterazine binding pocket, as reported from the crystal structure of WT aequorin (7) and obelin (8) . Twenty-one out of 23 coelenterazine binding residues belong to a-helices adjacent to EFs (7, 8) . Plots of the contribution of the slow and fast components of luminescence decay to the total light integral (S S /S T and S F /S T respectively).
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Supporting Figure 4
Decay kinetics of D Plots of the contribution of the slow and fast components of luminescence decay to the total light integral (S S /S T and S F /S T respectively). 
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